1. Introduction {#sec1-ijms-21-03862}
===============

Life expectancy is currently higher than at any other time in history, and is anticipated to rise persistently in industrialized countries. Consequently, age-associated morbidities will progressively pose serious challenges to the civilians and health care systems. Clinical evidences suggest that Cerebral Small Vessel Disease (CSVD) is a major contributor in 45% of dementia cases and approximately 20% in all strokes globally, which is a serious concern today due to the lack of an appropriate therapy \[[@B1-ijms-21-03862],[@B2-ijms-21-03862]\]. The cost burden of CSVD is formidable to the society as the reasons for the illness are obscure, prevention, and effective treatments are not as good as expected \[[@B3-ijms-21-03862]\]. Earlier, CSVD was considered innocuous, but has emerged as a notorious contributor in the vascular type of dementia, depression, cognitive dysfunction, and gait problems commonly observed in the patients challenged with CSVD \[[@B4-ijms-21-03862]\]. There are several factors, including genetic and traditional, as well as environmental, such as pollution, pesticides, and heavy metals, which are considered as the major contributors to the development of CSVD \[[@B5-ijms-21-03862],[@B6-ijms-21-03862]\]. Rich literature is available that suggests that heavy metal exposure is closely linked with vascular disease. However, the roles of environmental factors are poorly explored in CSVD. From a toxicological point of view, understanding small vessel tolerance against heavy metal-induced stress could reveal insight into the reasons for CSVD and other associated diseases. Heavy metals including cadmium (Cd), mercury (Hg), copper (Cu), and lead (Pb), and metalloid like arsenic (As) are well known environmental pollutants. Heavy metals, including Pb, Cu, Cd, and metalloid like (As)are considered as serious threat for human health due to their higher density and accumulation in the biological systems \[[@B7-ijms-21-03862],[@B8-ijms-21-03862]\]. Abundant scientific reports indicate heavy metal pollution as a serious global health problem even at a lower concentration and in particular industrial developing countries. Humans get predominantly exposed to heavy metals via contaminated food, water consumption, or through inhalational. Water resources and air, on the other hand, get contaminated through industrial or agricultural waste, which generally contain high heavy metals concentration \[[@B9-ijms-21-03862],[@B10-ijms-21-03862]\]. We thus hypothesized that exposure of Pb, As, Cu, Hg, and Cd could be among the major contributors to the development of CSVD and other related complications. There are several mechanisms involved in the heavy metal-induced CSVD; however, oxidative stress is considered as one of the leading mechanisms. Several studies in the past have reported that heavy metals significantly bind with the cytoplasmic, DNA, and nuclear proteins, leading to oxidative injury and damage to the biological macromolecules \[[@B11-ijms-21-03862]\]. It has been well established that heavy metals, such as Cu, As, Cd, Hg, and Pb are capable of generating reactive radicals, like copper, is known to generate reactive oxygen species (ROS) through Fenton like reaction \[[@B12-ijms-21-03862]\]. The reactive oxygen species (ROS) are formed due to the partial reduction of molecular oxygen. ROS, such as superoxide anion (O~2~−), hydroxyl radical (OH^•^), hydrogen peroxide (H~2~O~2~), and singlet oxygen (^1^O~2~), are produced as a product of the respiratory chain in mitochondria, in photochemical and enzymatic reactions, as a result of the exposure to heavy metal \[[@B13-ijms-21-03862]\]. Past studies have demonstrated the possible role of inflammation in the heavy metal-induced vascular inflammation and explained that excessive ROS generation might activate the inflammatory pathway and, consequently, expedite the progression of CSVD \[[@B7-ijms-21-03862],[@B14-ijms-21-03862]\].

In this review, we have discussed the impact of few selected heavy metals in the development and progression of CSVD, associated mechanistic pathways, and possible therapeutic strategies. We have also tried to elaborate how metals/metalloid induced oxidative stress affect CSVD, possible way of their biochemical evaluations, which might be helpful in planning a strategy to combat the toxic effects of metals by reducing unsafe heavy metal loads from the cell and, thus, achieve physiological recoveries in CSVD. As the list of heavy metals is long, we restricted this review to few major environmental contaminants/pollutants, like Cd, As, Pb, Cu, and Hg in the development of CSVD.

2. Cerebral Small Vessel Disease {#sec2-ijms-21-03862}
================================

CSVD is a broad term used to describe pathological complications associated with the small blood vessels including arterioles, capillaries, and small veins in the brain. Since most of the brain tissues look white on magnetic resonance imaging (MRIs) and, thus, in the past, these pathological conditions were alluded to as "white matter changes." CSVD is most frequently observed image-related neurological complications, and plays a significant role in the etiology of at least three major diseases, vascular dementia, stroke, and gait decline \[[@B15-ijms-21-03862]\]. Neuroimaging highlights CSVD incorporate blood--brain barrier (BBB) impairment, white matter hyperintensities, chronic inflammatory responses, recent small sub-cortical infarcts, perivascular spaces, lacunas, micro-bleeds, leukocyte infiltration, and brain atrophy are the classical pathological features of CSVD. The major clinical appearances of CSVD include stroke, cognitive impairment, mental retardation, psychotic disorders, abnormal gait, and urinary intemperance \[[@B16-ijms-21-03862]\]. Despite several advancements in the neuroimaging field in the recent decades and also the development of novel biomarkers, the etiology of the pathogenesis of CSVD has still not been elucidated fully \[[@B4-ijms-21-03862]\]. The inner wall of the blood vessels, generally covered with the monolayer cells of endothelium that create a functional and structural barrier among the circulating blood and the vessel wall, also play a critical role in the smooth functioning of the vascular system, and in cases of any impairments, cause vascular disorders \[[@B17-ijms-21-03862]\]. Based on clinical studies, researchers also provided a link between damaged BBB with an early sign of the development of the CSVD in humans. In a few recent studies, the monogenic form of the SVD, particularly the cerebral autosomal dominant arteriopathy with sub-cortical infarcts and leukoencephalopathy (CADASIL), and 'sporadic' SVD, have been emphasized, which provided to some extent the molecular insight of the disease progression. On the basis of proteomic and biochemical examination of post-mortem monogenic CSVD patients, and also in animal models, it was concluded that extracellular matrix (ECM) dysfunction is one of the leading mechanisms. Further, the pathogenesis of CSVD is likely to begin with an expansion in the penetrability of the BBB with the development of Virchow Robin spaces (perivascular spaces), symptomatic lacunar infarcts, white issue injuries, and micro-bleeds as sequelae \[[@B18-ijms-21-03862],[@B19-ijms-21-03862],[@B20-ijms-21-03862]\]. Astrocytes, pericytes, and endothelial cells play a major role in the maintenance of the BBB. Endothelial dysfunction is a primary cause of the increased BBB permeability \[[@B21-ijms-21-03862]\]. This could be attributed to the fact that vascular endothelium regulates the passage of macromolecules and circulating cells from blood to tissues and, thus, become shighly vulnerable to oxidant stress, which is considered a key risk factor in the pathogenesis of various vascular diseases \[[@B22-ijms-21-03862]\]. It is reported that nitric oxide critically regulates the vascular tone, but increases ROS load in response to several stimuli, including hypertension and hyperglycemia. Reactive oxygen species (ROS) are highly reactive chemical forms of oxygen, such as superoxide anion and hydroxyl radical. Several enzymes (oxidases) in the body are capable of forming superoxide anion (⋅O2−) from molecular oxygen. NAD(P)H oxidase, cyclooxygenase (COX), xanthine oxidase (XO), and nitric oxide synthase (NOS) are capable of forming superoxide anion from molecular oxygen. Increased oxidative metabolism, the absence of certain oxidase cofactors (e.g., tetrahydrobiopterin required by NOS), and inflammatory and disease conditions can lead to increased superoxide production. Superoxide radicals, which get converted into peroxynitrite resulting in the decreased bioavailability of NO and promoting endothelial dysfunction \[[@B23-ijms-21-03862],[@B24-ijms-21-03862]\]. Vascular oxidative stress facilitates systemic inflammatory response in the brain through the immune activation. Activated immune cells travel into the vasculature and discharge immune signaling molecules like ROS, chemokines, cytokines, and matrix metalloproteinases (MMPs), causing damage to the vascular system and eventually promote vasoconstriction and remodeling of blood vessels \[[@B25-ijms-21-03862],[@B26-ijms-21-03862]\]. Several studies reported that overexpression of MMPs also implicated in the dysfunction and remodeling of small blood vessels in the brain \[[@B27-ijms-21-03862],[@B28-ijms-21-03862]\]. Further, it has been reported that oxidative stress is the leading cause of overexpression of MMPs \[[@B29-ijms-21-03862]\]. It has been reported that overexpression of MMPs, specifically MMP-9, plays an important role in the pathogenesis as well as in propagation of CSVD \[[@B30-ijms-21-03862]\]. It was noted clinically that the expression of MMPs was higher in the **Cerebrospinal fluid** (CSF) of CSVD and stroke patients. Similar findings were also observed in the animal model.

3. Risk Factors {#sec3-ijms-21-03862}
===============

3.1. Genetic Factors {#sec3dot1-ijms-21-03862}
--------------------

Epidemiological studies have suggested several potential vascular risk factors, including genetic, traditional, and environmental that could contribute to the prevalence, development, and accumulation of the CSVD \[[@B5-ijms-21-03862]\]. Genomic investigations revealed the significant impact of genetic factors and are also helpful in understanding the pathogenesis of CSVD \[[@B1-ijms-21-03862]\]. The cerebrovascular ailment of all causes is an extremely heritable feature. In the past, genetics studies were conducted to evaluate the involvement of the gene in the CSVD and several genes have been identified including NOTCH3, HTRA1, CTSA, CSF1R, COL4A, COL4A2, GLA, which are related with the CSVD associated disorders \[[@B31-ijms-21-03862]\]. An association between family history of stroke and chances of stroke recurrence in the offspring have been reported to be approximately three-fold while, major appearance of CSVD, SVD stroke and white matter lesions are 16% and 50% heritable, respectively \[[@B32-ijms-21-03862]\]. Hereditary examination of both uncommon familial CSVD disorders and stunning sporadic late-life disease is a promising way to deal with comprehension and finding novel medicines for CSVD.

3.2. Traditional Factors (Co-Morbid) {#sec3dot2-ijms-21-03862}
------------------------------------

Several reports have suggested that the most common traditional risk factors include age, sex, hypertension, diabetes, obesity, hypercholesterolemia, smoking, myocardial infarction, and peripheral vascular disease \[[@B33-ijms-21-03862]\] ([Figure 1](#ijms-21-03862-f001){ref-type="fig"}). In few recently reported studies, hypertension emerges as the main risk factor among the other traditional factors \[[@B34-ijms-21-03862]\]. It has been suggested that Alzheimer's and vascular dementia share hypertension as the common factor between them \[[@B35-ijms-21-03862]\]. In line with this, a cohort analysis of 463 people suggested hypertension and CSVD area dangerous mishmash, placing patients at increased risk for cognitive decline.

3.3. Environmental Factors {#sec3dot3-ijms-21-03862}
--------------------------

Researchers have correlated CSVD and its associated disorders with either genetics factors or traditional risk factors, but some other factors might also be significantly contributing to the ailments in humans that do not have such background. Numerous environmental risk factors have also been associated with CSVD associated disorders \[[@B36-ijms-21-03862]\] ([Figure 1](#ijms-21-03862-f001){ref-type="fig"}). However, they are not directly causing the illness, but considered as the major contributor. According to the reports, various environmental risk factors have been suggested, such as air pollutants, heavy metals, pesticides, etc. \[[@B37-ijms-21-03862],[@B38-ijms-21-03862]\]. There have been reports that mention the possible toxic effects of heavy metals, such as As, Cd, Pb, Hg, and Cu in CSVD associated disorders such as stroke, ischemia, dementia, amyloid angiopathy, etc. \[[@B39-ijms-21-03862],[@B40-ijms-21-03862],[@B41-ijms-21-03862]\].

4. Neuroimaging Characteristics of Small Vessels Disease (SVD) {#sec4-ijms-21-03862}
==============================================================

SVD changes the microstructure of the vascular system within the brain. The clinical features for SVD are not well established and its diagnosis is very difficult. However, the advancement of molecular brain imaging modality provides some opportunity to understand the progression of SVD. Ischemic strokes, hemorrhage episodes, and brain atrophy can be detected through brain imaging such as computed tomography (CT) in most of the patients. Due to slow progressing in nature, changes in the microvasculature within the different brain regions are usually ignored, which resulted in the development of small infracted areas (\<20 mm in diameter and round-shaped) in cortical and sub-cortical brain regions. These small infarcts are considered as results from acute severe ischemic insult due to damage/blockage of a single perforating artery. This acute lacunar infarct is recognized as a "recent small sub-cortical infarct" \[[@B42-ijms-21-03862]\]. The infracted lesions can also be detected early by diffusion-weighted imaging (DWI). DWI is a method to evaluate the micro architecture of brain-based on the patterns of random Brownian's motion of water molecules \[[@B43-ijms-21-03862]\]. This is highly sensitive in the early detection of acute hypoxic injury in the brain \[[@B44-ijms-21-03862]\]. Additionally, white matter tract architecture can be regenerated on the basis of the degree of the spatial distribution of anisotropic diffusion using DWI. In DWI, the white matter lesions appear as hyperintense \[[@B45-ijms-21-03862]\]. The recent small-infracted regions appear hypo-intense on the apparent diffusion coefficient map and either normal or hyperintense compared to the normal brain on fluid-attenuated inversion recovery (FLAIR)/T2 imaging in compassion to CSF \[[@B46-ijms-21-03862]\]. Techniques, such as CT and magnetic resonance imaging (MRI), have limitations in the detection of an acute small ischemic lesion in 50% of patients. However, DWI is considerably sensitive to detect small-infracted regions within the first few hours and morphological changes, including infarct volume, diameters, and atrophy or finally cavity formation in the first 90 days of onset \[[@B47-ijms-21-03862]\]. Leukoaraiosis, micro architectural characteristics of SVD and usually referred to as white matter hyper intensity (WMH), appears as hyperintense on a T~2~-weighted sequence on MRI and CT. WMH may also appear as isointense/hypointense on T1-weighted sequences, which is dependent on the severity of pathological changes \[[@B48-ijms-21-03862]\]. Disturbances in small blood vessels also have a similar expression in imaging as BBB disruption and white matter, which are highly sensitive to hypoxic damage \[[@B49-ijms-21-03862]\]. Older individuals show age-dependent vascular abnormality as denoted symmetrical hyper-intensities bilaterally on T~2~-weighted MRI \[[@B2-ijms-21-03862]\]. Wardlaw et al have provided the standards for reporting vascular changes on neuroimaging (STRIVE). As per STRIVE recommendations, sub-cortical grey matter structures, such as the basal ganglia, may appear as hyper-intense and sometimes been analyzed alongside WMH \[[@B45-ijms-21-03862],[@B50-ijms-21-03862]\]. WMH form vascular origin appears as hyper-intense on T~2~-weighted image and without cavitations on FLAIR-T2 imaging \[[@B49-ijms-21-03862]\]. Lacuna and atrophy can be differed from general WMH using diffusion tensor MRI (DT-MRI) and magnetization transfer MRI (MT-MRI), which provides quantitative information of brain white matter. Kim et al have studied the relation with the amyloid load with the white network integration in SVD using MRI and DTI modality. Higher WMH volumes or lacunae numbers were found to be inversely correlated with white matter network integrations (higher numbers of short path length and reduction in global efficiency). White matter network segregation (higher values of clustering coefficient, transitivity, and modularity) is also proportionately evident with higher WMH and decreased cognitive performance \[[@B51-ijms-21-03862]\].

Cerebral micro bleeds (CMBs) are also common in small vessel disease \[[@B19-ijms-21-03862]\]. Micro bleeds are visible small (generally 2--5 mm in diameter) area of signal void on T~2~-weighted gradient-echo MRI, resulting from paramagnetic properties of focal deposits of hemosiderin-containing macrophages \[[@B52-ijms-21-03862],[@B53-ijms-21-03862]\]. These perivascular hemosiderin masses are foci of the earlier hemorrhagic event resulted from macro-/micro-vessels involved in arteriolosclerosis \[[@B45-ijms-21-03862],[@B54-ijms-21-03862]\]. Small hypo-intense lesions appear on paramagnetic-sensitive MR sequences with a 'blooming effect' (larger or more conspicuous on GRE than on spin-echo MRI). These lesions are generally not appears on FLAIR and CT. Round or oval-shaped micro bleeds lesions are most commonly seen in the cerebral hemisphere and cortico-subcortical junction. According to location, hemosiderin deposits are further categorized into three types: lobar, deep, and subtentorial CMBs \[[@B55-ijms-21-03862]\]. Activation of MMPs is also evident in microbleed and cerebral hemorrhage. Myeloperoxidase was found to be directly correlated with MMP-9 activation in mice model of autoimmune encephalomyelitis. MRI is a useful modality in detecting MPO using MPO-Gd (MPO-specific molecular imaging agent). MMP-9 can be detected by fluorescence molecular tomography with MMP sense \[[@B56-ijms-21-03862]\]. This approach can be used to detect the severity of SVD and the effect of a pharmacological intervention targeting MPO and MMPS. Similarly, the severity of SVD after ischemic stroke can be assessed using by CT scan along with leukoaraiosis, the number of lacunas and brain atrophy as a combining feature \[[@B57-ijms-21-03862]\]. Brain atrophy is an alternative and promising surrogate marker for SVD that may also be computed from conventional MR sequences. This indicates a decrease in brain volume, which is not related to known injuries, such as head trauma and cerebral ischemia. In general, atrophy manifest as a bilaterally symmetrical reduction in total brain (gray and white matter) volume with larger ventricle size and volume \[[@B58-ijms-21-03862]\]. In the elderly, WMH frequently occurs together with atrophy and manifested along with dementia and neurodegeneration \[[@B59-ijms-21-03862]\]. To summarize, diagnostic criteria for SVDs are not clearly defined. SVD is more prevalent and can now be better diagnosed with the development of new brain imaging tools. MRI remains the main imaging modality as it has higher sensitivity and specificity for detecting both pathological alterations and progression of the SVD. It permits to detect vascular lesions commonly attributed in sub-cortical areas as well as lacunas in deep brain areas. Leukoaraiosis can be detected as numerous punctuates or confluent lesions and micro bleeds in the white matter by MRI. However, both computed tomography and MRI are able to detect morphological changes, but the functional consequence of these changes remains a concern from imaging modalities. Sometimes additional pathological co-occurrence such as levy bodies and amyloid β leads to diagnostic confusion in MRI. Positron Emission Tomography (PET) modality may provide some additional benefits in the segregation of vascular and degenerative basis of a decrease in cognitive functionality.

5. Role of Heavy Metals in CSVD {#sec5-ijms-21-03862}
===============================

5.1. Lead (Pb) {#sec5dot1-ijms-21-03862}
--------------

Lead (Pb) is regarded as one of important environmental toxicants and most widely used metal in manufacturing industries including batteries, paints and pigments, plastic, ceramic, secondary foundries, and welding materials in many countries; moreover, Pb exposure is arguably the oldest acknowledged occupational health hazard \[[@B60-ijms-21-03862],[@B61-ijms-21-03862]\]. Human exposure to Pb is mostly through contaminated food, water consumption, and air pollution aroused by industrial emission and gasoline containing lead compounds \[[@B62-ijms-21-03862]\]. Pb intoxication severely affects various body systems predominantly CNS, hematopoietic, and renal systems \[[@B63-ijms-21-03862]\]. The half-life of Pb is about several weeks in blood, whereas in the brain, it is nearly two years, while in bone it remains for decades \[[@B64-ijms-21-03862]\]. CNS is the most susceptible to Pb toxicity and several neurological complications are associated with it, including vascular dementia, white matter disease, endothelial dysfunction, stroke, mood disorder, BBB impairment \[[@B38-ijms-21-03862],[@B65-ijms-21-03862]\]. It is reported that Pb can easily cross the BBB through the Ca ATPase pump and even causes the abnormalities in the BBB permeability \[[@B66-ijms-21-03862]\] ([Table 1](#ijms-21-03862-t001){ref-type="table"}). Inconsistent with this in-vitro report, Pb affects the hCMEC/D3 endothelial cells and oxidative stress could be a major causative factor in endothelial dysfunction \[[@B67-ijms-21-03862]\]. It is reported that Pb can bind with the thiol group of amino acid and protein including glutathione (GSH) resulting in dyshomeostasis of thiol-redox status and disturb the cellular physiology \[[@B68-ijms-21-03862]\]. Chronic exposure to Pb may cause deficiency of antioxidants by lowering the expression of various cellular antioxidant defense enzymes, such as catalase, GPx, and superoxide dismutase (SOD). These changes can be attributed to the fact that Pb may disturb the antioxidants activity by replacing their active cofactor metals \[[@B69-ijms-21-03862]\]. Lead exposure can also increase the cellular copper/iron level possibly due to their replacement from various metalloproteins, resulting in a higher cellular amount of free redox-active metals and, thus, augments the ROS generation through the Fenton-like reaction \[[@B12-ijms-21-03862]\]. The precise mechanism by which Pb induced impairment in BBB permeability is obscure yet. There have been reports that highlight that occludin protein actively participates in the maintenance of tight junction of endothelial barriers \[[@B70-ijms-21-03862],[@B71-ijms-21-03862]\]. Further, altered expression in this protein could cause the opening of inter-endothelial tight junctions. It has proven by Wang et al., who investigated the occludin expression on lead exposure in the rat brain, and found that occludin expression was significantly decreased in Pb intoxicated animals \[[@B72-ijms-21-03862]\]. Additional evidence from a case study further suggested that childhood lead exposure is strongly linked with a region-specific reduction in adult gray matter volume confirmed from the MRI images analysis of participants \[[@B73-ijms-21-03862]\]. Gray--white matter abnormalities are greatly linked with the small vessel disease \[[@B74-ijms-21-03862]\].

5.2. Copper (Cu) {#sec5dot2-ijms-21-03862}
----------------

Copper is a well-known ecotoxicant and humans get exposed to copper via consumption of water, food, and by inhalation of industrials copper dust. Copper plumbing is a major source of higher copper levels in the water. The recent findings suggested that agricultural workers get exposed to Cu by handing Cu-based agrochemicals and Cu-IUDs is one of leading cause for higher Cu levels in the women \[[@B84-ijms-21-03862],[@B85-ijms-21-03862]\]. Cuions are the key structural component of around 30 enzymes that control several functions in eukaryotes. Transition property of Cu ion makes it an ideal enzymatic cofactor; however, this redox and coordination chemistry also proved deleterious to the cell \[[@B86-ijms-21-03862],[@B87-ijms-21-03862]\]. Cu transporters including CTR1, ATP7A play a major role in the trafficking of Cu to CNS \[[@B88-ijms-21-03862]\]. Recently, copper targeting approaches have been suggested for the life-threatening diseases like Cerebral amyloid angiopathy (CAA), CSVD, chronic lung inflammation and neurodegenerative disorders including Alzheimer's disease (AD), Parkinson's disease (PD), Huntington disease (HD) and Prion disease \[[@B89-ijms-21-03862],[@B90-ijms-21-03862]\]. Elevated copper levels in CSF and different brain regions of AD patients provide direct evidence of its close association in the development and progression of AD \[[@B91-ijms-21-03862]\]. Wilson disease is a genetic disorder associated with abnormal copper metabolism, resulting in increased copper deposition in the targeted organs, such as liver and brain \[[@B92-ijms-21-03862]\]. MRI images of the Wilsons Disease (WD) patients have also revealed that copper caused white matter abnormalities \[[@B93-ijms-21-03862]\], a hallmark of the CSVD \[[@B74-ijms-21-03862]\]. A higher copper level is linked with the cerebral endothelial dysfunction, which can be correlated with the in-vivo studies, which investigated the role of copper nano-particles on rat cerebral micro-vessel endothelial cells ([Table 2](#ijms-21-03862-t002){ref-type="table"}). The study reported that at the lower dose copper gets involved in the proliferation, whereas at the higher dose, induces blood--brain barrier toxicity and potential neurotoxicity \[[@B94-ijms-21-03862]\]. Oxidative stress is one of the key mechanisms involved in copper associated disorders \[[@B95-ijms-21-03862]\]. It has been observed that excess copper caused hypermethylation of amyloid-beta peptide and in the mild acidic condition starts to precipitate on the small vessel and caused cerebral amyloid angiopathy \[[@B96-ijms-21-03862]\]. These metal and peptide precipitates are aggregated leading to ROS generation, especially hydroxyl radicals, and caused vascular dysfunction \[[@B97-ijms-21-03862]\]. These findings can be correlated with a case study, which investigated the role of copper in AD and vascular dementia. The study concluded that copper level was increased in the AD patients and thus explained the possible Cu mediated amyloid-beta toxicity in the brain \[[@B98-ijms-21-03862]\]. Interestingly, a case control study, which investigated serum copper level in Chinese stroke patients, concluded that an elevated copper is linked to the endothelial dysfunction, increased ROS generation, and the processes of inflammation, leading to the formation of carotid plagues and may also contribute to the cerebral ischemic injury \[[@B99-ijms-21-03862]\].

5.3. Mercury (Hg) {#sec5dot3-ijms-21-03862}
-----------------

Mercury (Hg) is another toxic metal, which is serious health hazard to the humans \[[@B109-ijms-21-03862]\]. It exists in specifically three different forms, elemental, inorganic, and organic. Inorganic mercury occurs in the metallic (Hg^°^), mercurous (Hg^+^), and the mercuric form (Hg^++^). Aquatic microorganisms have the ability to convert both the cations in the numbers of organic forms through the methylation mechanism \[[@B110-ijms-21-03862]\]. These organic forms of mercury bio-accumulate in the food chain and thus people who consume highly contaminated seafood, including fish, shellfish, getsseverely affected \[[@B111-ijms-21-03862]\]. The brain is a highly susceptible organ to methyl-mercury and sufficient evidences are linked with several vascular disorders including damage to BBB, vascular dementia, endothelial dysfunction, white matter hyperintense, and stroke \[[@B112-ijms-21-03862],[@B113-ijms-21-03862],[@B114-ijms-21-03862],[@B115-ijms-21-03862]\]. Earlier studies concluded that multifactorial mechanisms have been suggested in Hg induced toxicity and oxidative stress is one of primary mechanism involved in the BBB permeability impairment, which modifies Hg induced neurotoxicity \[[@B40-ijms-21-03862],[@B116-ijms-21-03862]\]. In-vitro investigations have proven that MeHg exposure reduced the proliferation of endothelial cells \[[@B117-ijms-21-03862],[@B118-ijms-21-03862]\] by decreasing the expression of fibroblast growth factor-2 \[[@B119-ijms-21-03862]\]. The expression of vascular endothelial growth factor (VEGF) and VEGF receptor-1/-2 was upregulated in the endothelial cells following MeHg intoxication. VEGF, which plays a significant role in endothelial cell migration, proliferation, and maturation, induces hyperpermeability of vessels, eventually causing vascular leakage and edema \[[@B120-ijms-21-03862]\]. In line with these finding Wiggers et al., reported that chronic exposure to HgCl~2~ in Wistar rats' exhibited cerebral vasospasm and suggested the possible role of decreased NO bioavailability. The study also explained that the exposure to Hg increased the ROS load in the vessels through NADPH oxidase mediated pathway. They also reported that COX-derived prostanoids expressions reduces NO bioavailability, which might be responsible for the smooth functioning of blood vessels ([Table 3](#ijms-21-03862-t003){ref-type="table"}) \[[@B121-ijms-21-03862]\]. Rich scientific evidence is available that support the involvement of Hg in Alzheimer's diseases and also explain several associated insight like molecular mechanism including oxidative stress, Neuroinflammation, cholinergic and serotonergic transmission, amyloid plague formation, selenium depletion and epigenetic changes \[[@B122-ijms-21-03862],[@B123-ijms-21-03862]\]. The high Hg contents were found in the Alzheimer's disease patients' brain regions and also in blood \[[@B124-ijms-21-03862]\].

5.4. Arsenic (As) {#sec5dot4-ijms-21-03862}
-----------------

Arsenicisa ubiquitous metalloid and has long been known as toxic to humans. The main sources of chronic arsenic exposure to humans are through inhalation of metal dust and drinking water \[[@B131-ijms-21-03862],[@B132-ijms-21-03862]\]. Its toxicity is associated with various clinical manifestations such as skin lesions, chronic lung disease (bronchitis, COPD, and bronchiectasis), liver disease, diabetes, edema of limbs, and congestion of eyes, polyneuropathy, erectile dysfunction, anemia, and vascular abnormalities and collectively known as arsenicosis \[[@B133-ijms-21-03862]\]. Acute arsenic exposure is known to cause diabetes, various neurological symptoms such as tremor, hyperpyrexia, convulsion coma, etc. \[[@B134-ijms-21-03862],[@B135-ijms-21-03862]\]. Hypertension, ischemic heart disease, and cerebrovascular abnormalities are important vascular anomalies associated with chronic arsenic toxicity. Arsenic exists, mainly in arsenite and arsenate forms, and both are toxic. Aposhian et al. reported the metabolism of inorganic arsenic through methylation into dimethylarsinous acid, which excreted through urine \[[@B136-ijms-21-03862]\]. Trivalent ionic arsenic (As^3+^) is biotransformed into less toxic arsenicals (As^5+^) through methylation by arsenic methyltransferase, in the presence of S-adenosylmethionine \[[@B136-ijms-21-03862]\].In line with an earlier report, Douillet et al. observed the association of arsenic specific methyltransferase (AS3MT) with the development of arsenic-induced metabolic alterations in mice. AS3MT knockout mice gained higher weight and developed insulin resistance compared to wild-type controls on arsenic exposure. These evidences support that the methylation and GSH mediated reduction, detoxify the toxic arsenic. Arsenic detoxification further depletes brain GSH \[[@B137-ijms-21-03862]\]. Arsenic and its metabolite are accumulated in the kidney, lungs, heart, spleen, and brain of humans; and viral infection may further enhance the accumulation in the brain \[[@B138-ijms-21-03862],[@B139-ijms-21-03862]\]. Wang et al. reported dose-response relationship in the development of carotid atherosclerosis on chronic exposure to inorganic arsenic \[[@B140-ijms-21-03862]\]. Studies have also shown up-regulation of amyloid precursor protein gene transcription and tau phosphorylation and increased the rate of neuronal necrosis and apoptosis. Exposure to arsenic at environmentally relevant concentrations also caused ultra-structural changes in the brain \[[@B141-ijms-21-03862],[@B142-ijms-21-03862],[@B143-ijms-21-03862]\].

Vascular dementia (vascular hypothesis of Alzheimer's disease) is the result of reduced cerebral perfusion and impair neuronal functions. It is associated with various risk factors, such as cerebrovascular atherosclerosis, hypertension, diabetes, obesity, etc. The cerebral pre-ischemic and ischemic conditions have been reported to aggravate the production of amyloid precursor protein and amyloid β. Restricted perfusion further worsened the condition by impairing the clearance of this protein. There are several lines of evidence, which indicate the association of cardiovascular disease and arsenic exposure. Increased mortality rates have been reported on exposure to arsenic in the condition of circulatory disease (cerebrovascular disease, ischemic vascular disease, hypertension, etc.) \[[@B144-ijms-21-03862]\]. Wu et al. reported that the increased mortality on arsenic exposure is the combined effect of all vascular diseases together (cardiovascular, cerebrovascular, disease of arteries and capillaries) \[[@B145-ijms-21-03862]\]. A high level of monomethylarsonic acid has been reported with a significantly high occurrence of ischemic stroke incidence \[[@B146-ijms-21-03862]\]. The Strong Heart Study, and other cohort studies, have demonstrated that low-to-moderate exposure to inorganic arsenic is positively associated with high occurrence of plaques and an increase in the thickness of carotid intima-media \[[@B147-ijms-21-03862],[@B148-ijms-21-03862]\]. In these studies, higher levels of arsenic metabolite monomethylarsonic acid have been observed with increased carotid intima-media thickness. Endothelial dysfunction is a hallmark for various vascular disease including cerebral stroke and ischemia \[[@B149-ijms-21-03862]\]. Furthermore, endothelial dysfunction alters blood--brain barrier physiology, reduced arterial perfusion, and change in the WMH sensitivity are considered as pivotal mechanisms of brain small vessel disease \[[@B150-ijms-21-03862],[@B151-ijms-21-03862],[@B152-ijms-21-03862],[@B153-ijms-21-03862]\]. Zarazúa et al reported the effects of the detrimental effect of arsenic exposure on NO (nitric oxide) production, which is a critical modulator for endothelial function \[[@B154-ijms-21-03862]\]. Arsenic-containing lipids also enhanced the permeability of the blood--brain barrier and may alter the arteriolar perfusion, hallmark characteristics of the small vessel disease \[[@B155-ijms-21-03862],[@B156-ijms-21-03862]\]. Arsenic induced decrease in NO production was accompanied by significantly higher levels of lipid peroxidation and ROS production. These evidences provided the etiologic significance of arsenic in the development of small vessel disease of the brain through endothelial dysfunctions.

In addition to the micro structural changes in the brain, arsenic exposure also affects neuronal system at the cellular levels. Arsenic significantly affects the neuronal, glial, and astrocyte components of the brain \[[@B157-ijms-21-03862],[@B158-ijms-21-03862]\]. The neurotoxic effects of arsenic are mediated through the oxidative stress and mitochondria dysfunction \[[@B152-ijms-21-03862],[@B159-ijms-21-03862]\] ([Table 4](#ijms-21-03862-t004){ref-type="table"}). It inhibits the mitochondrial complexes I, II, and IV of the electron transport chain, which increases ROS. As microglia is sensitive to arsenic toxicity \[As (III)\], the mitochondrial disturbance may induce apoptosis in microglial cells \[[@B160-ijms-21-03862],[@B161-ijms-21-03862]\]. Arsenic has shown to induce alterations in the arachidonic acid metabolism and induces neuronal damage and inflammatory response in mice \[[@B162-ijms-21-03862]\]. Monomethylarsonous acid at the sub-toxic doses also up-regulates the inflammatory cytokines gene in astrocytes \[[@B163-ijms-21-03862]\]. There are convincing evidences available, which indicates the involvement of vascular inflammation in the development of cerebral microbleed, particularly in the stroke patients (CMB). It is further noteworthy that the hallmark characteristics of SVD (i.e., WMH, lacunas and atrophy) and are correlated with the inflammation and oxidative stress.

5.5. Cadmium (Cd) {#sec5dot5-ijms-21-03862}
-----------------

Cadmium (Cd), a naturally occurring heavy metal is used in household electronics devices (television screens, lasers, etc.), batteries, and cosmetics. It was also used in paint pigments, welding and water pipes. It is a biologically non-essential metal and usually exists as a divalent salt such as CdCl~2~. Recently; Chen et al. have found that Cd metal accumulates at the high amount in liver testis, lungs and at a low amount in brain and serum for weeks on inhalation exposure to the mice similar to the study by Choudhuri et al. \[[@B172-ijms-21-03862],[@B173-ijms-21-03862]\]. Similarly the accumulation of Cd has also reported in red squirrels inhabited the Cd-mines area with a higher level of brain oxidative stress \[[@B174-ijms-21-03862]\]. Cellular oxidative damage is the major contributor to the toxicity induced by the Cd. Zheng et al had demonstrated the acute toxic effect of Cd on the zebrafish brain. In this study, 24 h exposure of Cd exhibited alteration of oxidative stress markers (Cu/Zn-SOD, CAT, and iNOS) and brain inflammatory markers (COX-2, NF-κB, Keep1, COX-2) at all transcription, translation, and post-translation levels \[[@B175-ijms-21-03862]\]. In line with similar results, Cd had also reported altering brain (glial and neuronal cells) and mitochondrial morphology in zebrafish on incubation at a lower dose \[[@B176-ijms-21-03862],[@B177-ijms-21-03862]\]. Cadmium induced oxidative stress may damage brain lipids and protein, but it's interesting to observe that a well-known toxicant like chlorpyrifos has acted like an antagonistic to Cd \[[@B178-ijms-21-03862]\]. Adefegha et al. have reported that oral administration of Cd for 21 days may increases brain cholinesterase (both AChE and BChE) along with Na^+^/K^+^-ATPase) and monoamine oxidase activity \[[@B179-ijms-21-03862]\]. Cholinesterase and Na^+^/K^+^-ATPase have been demonstrated for their involvement in the neurodegenerative diseases and also have considerable pharmacological relevance \[[@B180-ijms-21-03862],[@B181-ijms-21-03862]\]. As stated above, brain inflammation further favors the initiation and progression of different brain diseases including cerebrovascular diseases \[[@B182-ijms-21-03862]\]. Phenolic like compound ferulic acid has been found to have a beneficial effect on Cd-induced increase in these brain enzymes and further provide a pharmacological relevance of oxidative stress and inflammation-mediated toxicity induced by Cd \[[@B179-ijms-21-03862]\]. Additionally, Metallothionein (MT), a low molecular weight cysteine-rich protein that maintains levels of essential metal ions in the brain, was found to be downregulated on exposure to Cd directly and indirectly through oxidative stress \[[@B183-ijms-21-03862]\]. Antioxidant like alpha-lipoic acid offers neuroprotection against oxidative stress-mediated Cd-toxicity through the upregulation of MT3 \[[@B183-ijms-21-03862]\]. Cadmium exposure affects the microstructure of the brain along with general toxic effects like oxidative stress. Cd modifies neuronal morphology, the survival of neurons and consequently affecting cognitive functionality. The administration of Cd led to a decreased density of dendritic spines and an increase in caspase-3 and 9 immunoreactivities in hippocampal \[[@B184-ijms-21-03862]\]. Yang et al. investigated the effect of Cd exposure on brain microstructure using juvenile mice. In this study, serious hyperemia of cerebral blood capillary in the piamater, microbleed of eosinophil, leukocyte, and increasing apoptotic cells were observed on Cd exposure for 10 days to juvenile mice. Cd also found to have altered the neuronal synapsis ultrastructure as evident from decreased synaptic cleft, fused presynaptic and postsynaptic membrane \[[@B185-ijms-21-03862]\]. Earlier, López et al. have reported induction of both necrosis and apoptosis mediated neuronal death on Cd exposure \[[@B186-ijms-21-03862]\]. The higher concentration of Cd can induce both depletion of intracellular ATP depletion and ATP release, however, at the lower doses, Cd caspase-3 mediated apoptosis in neuronal cells \[[@B186-ijms-21-03862],[@B187-ijms-21-03862]\]. In an electron microscopy study, prenatal exposure to Cd also produced degenerative effects in the brain, such as cytomembrane disappearance and degeneration of organelles and vacuoles \[[@B188-ijms-21-03862]\]. Moreover, the effects of Cd exposure on endothelial dysfunctions have been investigated by Ibiwoye and colleagues. Disrupted immune reactivity for endothelial barrier antigen (EBA) a marker of barrier-competent microvessels was observed on Cd exposure toasingle dose. Moreover, ill-defined astrocytic border, blurred white, and gray matter cytoplasm further indicated a disruption of endothelial function, blood--brain barrier, and microvessels \[[@B189-ijms-21-03862]\]. Cd also induces mitophagy through the PINK1/Parkin pathway in brain \[[@B190-ijms-21-03862]\]. In an autoradiographic investigation, cerebral vasculature found to be the primary target for Cd uptake during neonatal development \[[@B191-ijms-21-03862]\] ([Table 5](#ijms-21-03862-t005){ref-type="table"}). These evidences indicate that short term or long-term exposure to Cd may induce brain vascular pathology in relevance of small vessels disease.

6. Molecular Mechanisms {#sec6-ijms-21-03862}
=======================

6.1. Oxidative Stress {#sec6dot1-ijms-21-03862}
---------------------

ROS is an umbrella term that covers several reactive oxygen species, namely superoxide, peroxynitrite, hydroxyl, and their metabolic species, basically derived from the molecular oxygen. Augmented level of different ROS elicits cellular and molecular damage and subsequent decrease level of antioxidant defense enzyme, denoted as oxidative stress \[[@B194-ijms-21-03862]\]. In fact, oxidative stress is associated with a decreased life expectancy and numerous aging disorders (e.g., neurodegenerative disorders cardiovascular diseases, and metabolic diseases) \[[@B195-ijms-21-03862]\]. Further, it is linked with the small vessel disease because a blood vessel is continuously exposed to the various stimuli \[[@B196-ijms-21-03862]\]. The majority of researchers are in favor that oxidative stress is critically implicated in heavy metal-induced vascular complications \[[@B12-ijms-21-03862],[@B197-ijms-21-03862]\]. Heavy metals are able to produce ROS directly through Fenton like reactions or indirectly such as increasing the free level of redox transition metal as well as stimulating the activity of NADPH oxidase, which catalyzes the ROS generation \[[@B198-ijms-21-03862]\]. Following the elevated ROS load not only damages the cellular macromolecule, but, moreover, causes dyshomeostasis to key redox-dependent signaling processes in the small vessel wall. Perhaps the most widely elucidated mechanism by which oxidative stress can promote small vessel disease is through the interference of the vasoprotective nitric oxide (NO) signaling pathway \[[@B199-ijms-21-03862]\]. Nitric oxide (NO) signaling pathway maintains the vascular tone, while during the ROS exposure superoxide species rapidly combines with NO and form peroxynitrite leading to the unavailability of NO eventually causing endothelial dysfunction \[[@B200-ijms-21-03862]\]. It is reported that peroxynitrite is a much more powerful oxidant capable of damaging proteins and DNA and may further intensify the vascular dysfunction ([Figure 2](#ijms-21-03862-f002){ref-type="fig"}) \[[@B201-ijms-21-03862]\]. Endothelial nitric oxide synthase (eNOS)/nitric oxide (NO) signaling pathway-dependent cerebral endothelial dysfunction is a major underlying mechanism to prelude vascular dementia which is associated with the CSVD \[[@B202-ijms-21-03862]\]. Several in-vitro and in-vivo investigations have proved that exposure to heavy metal targets the nitric oxide (NO) signaling pathway, andinduces endothelium dysfunction \[[@B7-ijms-21-03862]\]. An additional critically significant outcome of diminished NO bioavailability during disease impairment of RhoA kinase signaling. RhoA is important to EC migration, angiogenesis, and endothelial permeability \[[@B203-ijms-21-03862]\]. Accumulating evidence indicates that elevated ROS level, decreases the availability of NO and increases peroxynitrite level, which might trigger RhoA kinase expression. FurtherRhoA kinase activation leads to the downregulation of eNOS expression and consequently decreases the level of NO leading to vascular dysfunction \[[@B204-ijms-21-03862],[@B205-ijms-21-03862]\]. Heavy metal toxicity and RhoA kinase activation are still rudimentary, however, based on the literature, it could be speculated that heavy metal may induce ROS generation and ROS overload is directly linked to RhoA activation \[[@B206-ijms-21-03862]\]. In fact, an increment in ROS activity increases the lipid peroxidation of the endothelial wall of small vessels, consequently participating in endothelial dysfunction. Malondialdehyde (MDA) is formed, which is an end product generated by decomposition of arachidonic acid, and also highly toxic to the cell. There have been reports that correlated increased MDA with endothelial \[[@B207-ijms-21-03862]\] as well as vascular dysfunction in the middle-aged and elderly community-dwelling persons \[[@B208-ijms-21-03862]\]. It is reported that in an activation of state endothelial cells has higher mitochondrial contents especially at the BBB. Furthermore, the heavy metal induces excessive ROS load that may lead to mitochondrial damage, which may cause the impairment of respiratory chain reaction and also in ATP synthesis. Thus, it is possible that, dueto energy deprivation, vascular endothelial cells may undergo apoptosis. An in-vitro study examined the role of heavy metal (Cd^2+^, Hg^2+^, and Cu^2+^) induced mitochondrial dysfunction depend cell death \[[@B209-ijms-21-03862]\]. Furthermore, Tang et al.explained the molecular insight of Cd endothelial dysfunction in the human pluripotent stem cell and also highlighted EC apoptotic cell death pathway \[[@B210-ijms-21-03862]\]. Responding to the oxidative stress event, endothelial cells may become activated and start to release vasoconstrictor agents like endothelin-1, prostaglandins, and thromboxane. These agents may be responsible for instigating inflammatory responses. Further activated endothelium cell significantly expressed the adhesion molecules and discharge chemokines like chemokine (C-C motif) ligand 2 (CCL2) to attract immune cells \[[@B211-ijms-21-03862]\]. The increased level of chemokines and proteases in endothelial cells makes an interminable circle supporting the provocative response \[[@B212-ijms-21-03862]\]. During chronic stress and vascular inflammation as well as variety of changes in endothelium, including apoptosis, extracellular matrix (ECM) remodeling, collapsed internal elastic lamella, and endothelial dysfunction may lead to small vessel associated complications \[[@B213-ijms-21-03862],[@B214-ijms-21-03862]\]. Other possible mechanisms of heavy metal mediated vascular damage have been described during the inflammatory pathway, MMPs expression ([Figure 2](#ijms-21-03862-f002){ref-type="fig"}).

6.2. Inflammation {#sec6dot2-ijms-21-03862}
-----------------

It has been mentioned that Reactive oxygen species (ROS), are produced in response to the heavy metals exposure. Considerable literature suggest that chronic oxidative insult to the small arteries leads to endothelial dysfunction and also elicits local as well as diffuse inflammation \[[@B214-ijms-21-03862],[@B215-ijms-21-03862]\]. Nevertheless, inflammation may not be a negative phenomenon every time, as it also provides protection against toxic environments. Importantly if the pro-inflammatory compound rose while a decrease in the anti-inflammatory compound will create an imbalance that might establish an inflammatory state \[[@B216-ijms-21-03862]\]. Emerging evidences reveal that heavy metal exposure imparts ROS mediated inflammation in the endothelial cell. Nuclear factor-kappa B (NF-κB) is a major transcription factor that regulates the pro-inflammatory gene and also plays a significant role in the production of pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α), IL-1β, IL-6, and IL-8. Increased ROS load instigates IκB kinase (IkK) pathway, resulting in a course of initiations, for example, MAP kinase, c-Jun amino-terminal kinases (JNK), and TNF receptor-related factor 1 (TRAF1) and 2 (TRAF2) \[[@B217-ijms-21-03862]\] ([Figure 3](#ijms-21-03862-f003){ref-type="fig"}). As a result of these activations, NF-κB is trapped in the cytoplasm of the stimulated cell and subsequently translocated to the nucleus in response to the oxidative stimuli. In the nucleus, NF-κB triggers the target gene transcriptions as TNF-α, IL-1β, IL-6, and IL-8 ([Figure 3](#ijms-21-03862-f003){ref-type="fig"}), thus, induces vessel inflammation \[[@B218-ijms-21-03862]\]. Outcome from a large number ofin-vitro and in-vivo investigations suggest that exposure to As and Pb, ROS activity in the epithelial cell of the vascular system further activates the downstream signaling molecule like IκB kinase (IkK). This could accelerate the translocation of NF-κB cytoplasm to nucleus where NF-κB nuclear translocation, it binds with the DNA and induces the transcription of pro-inflammatory cytokines \[[@B219-ijms-21-03862],[@B220-ijms-21-03862],[@B221-ijms-21-03862]\]. The meta-analysis study concluded that exposure to As can activate NF-κB signaling pathway \[[@B222-ijms-21-03862]\]. Interestingly, TNF-α activation can also elicit several inflammatory cytokines and chemokines expression through the activation of transcriptional factors, such as NF-κB and activator protein1 (AP-1) \[[@B218-ijms-21-03862]\]. It is reported that TNF-activation principally appears to reduce the bioavailability of NO by (i) reducing the production of NO and, (ii) enhancing the removal of NO. It could be hypothesized that TNF-α-mediated crosstalk can trigger and expedites vascular inflammation, vascular remodeling, endothelium apoptosis vascular oxidative stress, and impaired NO bioavailability \[[@B223-ijms-21-03862]\].

6.3. MMPs Expression {#sec6dot3-ijms-21-03862}
--------------------

Matrix metalloproteinases (MMPs) are the member of the Ca^2+^-Zn endopeptidase family with serve diverse role in the organism. MMPs have been sub-classified in six subfamilies, viz., collagenase, gelatinases, stromelysins, matrilysin, membrane specific metalloproteinases, and other nonspecific metalloproteinases. These are protease family of enzymes, which cleaves extracellular matrix in general. In the brain, MMPs are important for the formation of neuronal remodeling, tissue matrix and blood-brain barrier activity and integrity. Inflammation, blood--brain barrier disruption, and extracellular remodeling have been suggested as the three major mechanisms for SVD; however, which one is the principal still remains controversial ([Figure 4](#ijms-21-03862-f004){ref-type="fig"}) \[[@B224-ijms-21-03862],[@B225-ijms-21-03862]\]. Both inflammation and extracellular remodeling can modulate blood--brain function with a concurrent role of MMPs \[[@B20-ijms-21-03862],[@B225-ijms-21-03862],[@B226-ijms-21-03862],[@B227-ijms-21-03862]\]. SVD was found to be associated with higher levels of the circulatory inhibitor of MMPs (TIMP-4) in the chronic phase whereas; in the acute phase, no such association was observed. The results indicate that endogenous TIMP-4 increased in response to the high level of MMPs activity and confirmed the role of MMPs in the progression of SVD \[[@B57-ijms-21-03862]\].Single nucleotide polymorphism in MMP-2-1306 T/C is being considered a direct risk factor for the occurrence of isolated lacunar infarction, a form of SVD \[[@B228-ijms-21-03862]\]. Out of six variant in MMP-9 gene, two loci interactions of rs3918242 and rs3787268 were associated with a higher risk for hemorrhagic transformation after ischemic stroke in Chinese population \[[@B229-ijms-21-03862]\]. MMPs and their tissue inhibitors are inflammatory molecules that disrupt tight junctions and extracellular matrix, contributing to blood-brain barrier damage \[[@B230-ijms-21-03862]\]. Normally, MMPs are present in the brain in latent forms, however, when they are induced and activated under conditions of hypoxia, they may disrupt the basal lamina and tight junctions of the cerebral blood vessels and degrade myelin basic protein \[[@B231-ijms-21-03862],[@B232-ijms-21-03862],[@B233-ijms-21-03862]\]. MMPs induce the production of inflammatory cytokine N-acetyl proline-glycine-proline (ac-PGP) by the degradation of the extracellular matrix. ac-PGP is a neurotoxic mediator and causes sustain inflammation in the brain \[[@B234-ijms-21-03862]\]. Gelatinase A (MMP-2) and gelatinase B (MMP-9) are reported to be active in hypoxic/ischemic injury. These MMPs induce infiltration of leukocytes and autoimmune inflammation in the brain \[[@B235-ijms-21-03862]\]. It is evident that the deletion of MMP-9 can block the vascular pruning and hypoxia-induced angiogenesis. Vascular pruning requires post-hypoxia activation of MMP-9, which induces fragmentation of vascular laminin and claudin-5 (tight junction protein) \[[@B236-ijms-21-03862]\]. The claudin-5 expression is regulated in glia by Sonic hedgehog signaling mediated transcription controlled byGli-1 \[[@B237-ijms-21-03862]\]. Early expression of vascular endothelial growth factor may after ischemia, which then promotes further activation of MMPs \[[@B238-ijms-21-03862]\] ([Figure 4](#ijms-21-03862-f004){ref-type="fig"}).

Micro bleeds and ischemia both are important characteristics of SVD at pathogenesis consequence levels. As discussed earlier, SVD has been found to be associated with WMA along with BBB dysfunction. In an MRI study, Egashira et al. have reported that MMP-9 is required for the white matter hyperintensity after sub-chronic hemorrhage \[[@B239-ijms-21-03862]\]. SVD accounts for around one-fourth of all ischemic episodes and puts individuals at a two-time risk for these conditions with the concurrent role of MMPs \[[@B240-ijms-21-03862]\]. Rempe et al. had demonstrated that glutamate an excitatory neurotransmitter could activate MMP-2 and MMP-9 in isolated brain capillaries \[[@B241-ijms-21-03862]\]. A similar increase in glutamate surge occurs during reperfusion to the micro-ischemic area resulting in further enhancement of blood barrier leakages and causing microbleed. MMP-2/-9 mediated β-dystroglycan cleavage in ischemic conditions induces redistribution of aquaporin-4 in astrocytes and causes both cytotoxic and vasogenic edema \[[@B242-ijms-21-03862],[@B243-ijms-21-03862],[@B244-ijms-21-03862]\]. These aquaporinsare sensitive to heavy metals such as Zn^2+^, Mn, Pb \[[@B245-ijms-21-03862],[@B246-ijms-21-03862]\]. Manganese exerts neurotoxic effects through increased aquaporin-4 expression, which may cause astrocyte swelling \[[@B246-ijms-21-03862]\]. Similarly, astrocytic aquaporin-4 is increased (40%) on lead exposure and decreases tight junction protein leading to the development of brain edema \[[@B247-ijms-21-03862],[@B248-ijms-21-03862]\]. Contradictory to that, MMPs also promotes the migration of astrocytes and glial cells in the penumbra and decrease the infarct volume through the upregulation of extracellular-signal-regulated Kinase (ERK) \[[@B249-ijms-21-03862]\]. Inhibition of MMP-12 has also been found to be useful in minimizing the reperfusion mediated BBB damage. The study also suggests that MMP-12 is involved in maintaining the blood--brain function. Further, MMP-12 has been demonstrated to have a downstream activation role to MMP-9 and other tissue-type plasminogen activator proteases \[[@B250-ijms-21-03862]\]. Upstream to MMP-9, MMP-3 was also found to be involved in blood spinal cord barrier disruption \[[@B251-ijms-21-03862]\].

The main target for MMPs is the BBB endothelium in the pathogenesis or progression of SVD. Initially, there is a release of proMT-MMP that is converted to MT-MPP in the presence of plasmin that further activates MMP-2, which is responsible for the reversible opening of BBB. This initiates the release of pro- and inflammatory cytokines like TNF-α, IL-β, NF-κB, etc., which further leads to activation of MMP-3 and MMP-9. All the consequences eventually lead to the delayed opening of BBB, which contributes to brain edema \[[@B252-ijms-21-03862],[@B253-ijms-21-03862]\].

7. Role of Cellular Antioxidant Enzymes to Combat Metal-Induced CSVD {#sec7-ijms-21-03862}
====================================================================

Cells have their own defense machinery to combat hostile oxidative environments such as Glutathione, superoxide dismutase, catalase, glutathione peroxidase, and additionally non-enzymatic ROS scavengers including vitamin C, vitamin E, β-carotene, and uric acid that has a specific mechanism to protect the cell from ROS attack during an oxidative event \[[@B254-ijms-21-03862],[@B255-ijms-21-03862]\]. Commonly acknowledged hypothesis holds that as a result of an oxidative insult there may be an imbalance between the pro-oxidant and antioxidants. Significant data exist indicating that heavy metals exposure raises pro-oxidant markers (ROS, RNS, H~2~O~2~, MDA), conversely significantly diminishes the cellular antioxidant response \[[@B256-ijms-21-03862]\]. In case of heavy metals poisoning, the superoxide level gets significantly elevated and to neutralize these highly reactive species, cell produces SOD enzyme that catalyzes ROS into hydrogen peroxide, which is also toxic to the cell. Further catalase breakdowns into water and oxygen. The excessive metal load decreases the antioxidant activity as well as expression in the cell, which may be due to the replacement of their functional cofactors \[[@B257-ijms-21-03862],[@B258-ijms-21-03862]\]. In the early stages of vascular dysfunction, SOD and CAT activities get increased to protect and prevent lipid peroxidation; however, significant decline too has been observed in few cases amid the worsening of the disease \[[@B259-ijms-21-03862]\]. Glutathione is highly expressed in every cell including endothelial to counter the toxic metabolites and also considered as a natural metal chelator thus preventing cell from the toxic effects of metal exposure \[[@B260-ijms-21-03862]\]. Glutathione is a tri-peptide made from cysteine, glycine, and glutamic acid. The thiol group strongly attracts reactive species, and also forms a stable complex with the heavy metals thus reducing their toxic effects \[[@B261-ijms-21-03862]\]. However, the higher exposure to heavy metals decreases glutathione level in the cell and leading to the deposition of these toxic metals inside the cell causing endothelium dysfunction and the impairment in BBB permeability \[[@B67-ijms-21-03862],[@B262-ijms-21-03862]\]. Shimizu, et al. carried out a study on the cardiovascular patients and determined the total plasma glutathione concentrations between cases of cardiovascular disease. They reported that glutathione level was significantly lowered in the cerebral infarction, cerebral hemorrhage, case control, and also concluded reduced glutathione level a significant risk factor for CVD, especially for cerebral small vessel disease \[[@B263-ijms-21-03862]\]. There is growing evidence that heavy metals exposure significantly decreases blood glutathione level \[[@B264-ijms-21-03862],[@B265-ijms-21-03862]\]. Thus, it can be speculated that reduced glutathione could be the possible factor which contributes towards the etiology of heavy metal-induced small vessel diseases. There are reports that have highlighted the protective effect of GSH against metal-induced endothelial and BBB dysfunctions. Chang et al., reported that GSH treatment increased the biosynthesis of endogenous PGI~2,~ known to be a potent vasodilator and an inhibitor of platelet aggregation and thus protect from arsenic-induced endothelial cell death \[[@B266-ijms-21-03862]\]. Song et al., too reported that glutathione treatment in rats reduces the cerebral infarct volume and cell death after ischemic injury and also explained that GSH administration improves the cell survival and preserves the disruption of BBB after ischemic injury \[[@B267-ijms-21-03862]\].

8. Therapeutic Strategies {#sec8-ijms-21-03862}
=========================

Chelation therapy could be a promising strategy to deal with the metal-induced physiological changes. It may decrease a heavy metal load from the body via fecal and urinary excretion thus reducing the responses of these toxic metals on human health \[[@B268-ijms-21-03862]\]. Chelation therapy has shown promise in the diseases including AD, PD, autism, cancer, cardiovascular disease, etc. \[[@B269-ijms-21-03862],[@B270-ijms-21-03862]\]. Chelating agents not only reduces raised metal concentration but some thiol based chelators, such as meso 2,3-dimercaptosuccinic acid (DMSA), 2,3-dimercaptopropane 1-sulfonate (DMPS), D-pencillamine (DPA), and Monoisoamyldimercaptosuccinic acid (MiADMSA) ([Table 6](#ijms-21-03862-t006){ref-type="table"}) also have ROS neutralizing ability that can additionally diminish the augmented oxidative stress and further preventing cellular damage from oxidative insult \[[@B271-ijms-21-03862]\]. Available clinical evidences show the protective effect of EDTA against metal-induced endothelial dysfunctions in cardiovascular disease \[[@B272-ijms-21-03862],[@B273-ijms-21-03862],[@B274-ijms-21-03862]\]. It has been reported that atherosclerotic plague retains the toxic metal and further promotes vascular dysfunction. To counter such situation we suggest use of an adjuvant during chelation therapy, which could be a promising approach \[[@B275-ijms-21-03862],[@B276-ijms-21-03862]\]. Sompamit et al., reported the protective effect of meso-2,3-dimercaptosuccinic acid against cadmium-induced vascular dysfunction in mice and suggested that DMSA treatment reduced systemic metal load and also restored the augmented oxidative stress thus ameliorating the vascular dysfunction \[[@B277-ijms-21-03862]\]. Evidences also suggest that chelation therapy could be an effective tool to reduce cerebral amyloid angiopathy by reducing copper load from the brain. \[[@B103-ijms-21-03862]\]. In vivo study demonstrated that the protective effect of tetrathiomolybdate (TTM), a copper chelator, in Tg2576 mice. The study reported that TTM therapy significantly reduces fibrillar amyloid in both the CAA vessels and parenchymal plaques. Further studies are required to broaden the therapeutic applicability of chelation therapy in amyloid angiopathy \[[@B96-ijms-21-03862]\]. Apart from the chelation therapy, antioxidant may also be effective and must be tried in metal-induced cerebral vascular diseases. Antioxidantsare the molecules that may inhibit or delay the oxidation of the substrate at a lower dose. An antioxidant molecule can elicit responses through number of mechanism including ROS scavenging, by increasing the level of cellular antioxidant enzymes, reducing lipid peroxidation, and by maintaining the redox process by reducing the augmented redox metal level (Cu and Fe). There are antioxidants, which provide additional benefit like the ability to chelate heavy metals (Pb, As, Hg, etc.). They include antioxidant like lipoic acid, resveratrol, curcumin, which have shown promising results in number of in-vitro and in-vivo studies. However, the use of antioxidant therapy in cerebrovascular disease still needs validation. Indeed, several promising approaches failed in clinical trials \[[@B11-ijms-21-03862]\].

9. Possible Measures to Avoid Heavy Metals Exposure {#sec9-ijms-21-03862}
===================================================

Humans have been utilizing heavy metals since antiquity; therefore, complete avoidance of the use of heavy metals sounds paradoxical. However, the limited use of heavy metals and alternatives might be a good approach to limit their exposure to humans, such as:Controls of the heavy metal level in the water and food \[[@B278-ijms-21-03862]\];Alternatives to dental amalgam;Alternative use of heavy metal-based agrochemicals such as copper oxychloride;Alternative use of copper plumbing;Stop smoking because cigarette smoke contains cadmium that can be absorbed through the lungs \[[@B279-ijms-21-03862]\];Pay attention to local fish advisories regarding mercury levels and also try to limit your consumption of larger fish because they live long and absorb more mercury from the sea \[[@B280-ijms-21-03862]\];Wear masks and protective clothing to avoid occupational exposure \[[@B281-ijms-21-03862]\].

10. Conclusions and Future Direction {#sec10-ijms-21-03862}
====================================

Cerebral Small Vessel Disease is a major health threat; several risk factors, including genetic, co-morbid complications, and environmental factors contribute to the pathogenesis or exacerbate the complications. From the evidence outlined in this review, it is apparent that exposure to heavy metals may lead to the abnormalities in small vessels and endothelium dysfunction associated with CSVD. Vascular endothelial cells are highly vulnerable to heavy metals as they are directly exposed to heavy metals present in the circularity bloodstream. Heavy metals are known to produce ROS that may create the imbalance between pro-oxidant and antioxidants, besides, generation of superoxide reduce the NO bioavailability in the vascular endothelial cells. ROS triggers inflammatory response through the NF-κB mediated pathway. Copper also induces the amyloid precipitation in the brain, which is the leading cause of vascular angiopathy and dementia. More detailed investigations are required to understand the roles of heavy metals exposure and small vessel diseases. It will be imperative to elucidate how heavy metals trigger the up- and downstream molecular pathways, particularly oxidative instigated. Although treatment with chelating agents and antioxidants have shown some promise against heavy metal-induced vascular and neurological impairments, they have some shortcomings and side effects, particularly their binding to other essential metals within the system, which significantly reduce their efficacy. In terms of novel therapeutic options for patients with CSVD and associated disorders, a combination therapy using an adjuvant and a chelating agent, which may be useful in controlling toxic metal load and oxidative injury (associated with the whole pathogenesis) may represent an exclusive strategy to tackling metal-induced cerebral small vessels disease. Further studies are also required in this area to describe the toxic limits of heavy metal, precise molecular mechanism, and therapeutic strategies.
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![Schematic diagram of risk factors interacts to influence the development and progression of cerebral small vessel disease (CSVD).](ijms-21-03862-g001){#ijms-21-03862-f001}

![Mechanism of cerebral endothelial dysfunction imparted by heavy metal intoxication. Heavy metal can generate reactive oxygen species (ROS)by either direct (Fenton reaction) or indirect pathway (activating NADPH oxidase). Reactive oxygen species bind with the NO and rapidly convert into the peroxynitrite resulting in decreases in the bioavailability of NO in endothelial cells. Reduced NO level activates the Rho-kinase. Elevated ROS activity causes the lipid peroxidation of endothelial cells and thus produces the MDA, which is further toxic to the cell. On the other hand, ROS converts in H~2~O~2~ catalyzed by SOD. Finally, the reunion of all these events leads to oxidative insults to the endothelial cell and eventually causes endothelial dysfunction. Abbreviations: ROS: Reactive oxygen species, NADPH oxidase: nicotinamide adenine dinucleotide phosphate oxidase, SOD: Superoxide dismutase, H~2~O~2~: Hydrogen peroxide, MDA: Malondialdehyde, NO: Nitric oxide, ONOO: Peroxynitrite, Rho-k: Rho-associated protein kinase.](ijms-21-03862-g002){#ijms-21-03862-f002}

![Mechanism of heavy metal imparts endothelial inflammation. ROS generation induced by metal exposure from various pathways, which activates an inflammatory cascade via NF-kB, mediated signaling, which triggers the inflammatory gene transcriptions and augments the expression of the pro-inflammatory cytokines such as (TNF-α, IL-1, IL-6, and IL-12). Further, TNF-activation phosphorylated IkB and induced activation of the NF-kB pathway. Thus aggravates the inflammatory and oxidative cycle leading eventually to endothelial dysfunction and promoting CSVD. Abbreviations: TNF: Tumor Necrosis Factor, IL-1: Interleukin-1, IL-6: Interleukin-6, IL-12: Interleukin-12, ROS: Reactive oxygen species, NADPH oxidase: nicotinamide adenine dinucleotide phosphate oxidase, IkB kinase: Inhibitor of kB, NF-κB: nuclear factor kappa B.](ijms-21-03862-g003){#ijms-21-03862-f003}

![Role of matrix metalloproteinases (MMPs) in endothelial dysfunctions. Abbreviations: MT-MMPs: Membrane-type matrix metalloproteinases, TNF: Tumor necrosis factor, IL-1: Interleukin-1, NF-κB: nuclear factor kappa b, AP-1: Activator protein 1, BBB: Blood brain barrier.](ijms-21-03862-g004){#ijms-21-03862-f004}
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###### 

Experimental evidences showing the role of Pb in microvascular endothelial and blood--brain barrier (BBB) dysfunctions.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  System                                                Concentration                         Exposure Duration               Toxicity                                                                                                                                                                                    Ref.
  ----------------------------------------------------- ------------------------------------- ------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------
  In-vitro\                                             25--200 µM\                           48 h                            Abnormalities in hCMEC/D3 cells monolayer via an oxidative stress-mediated pathway.Oxidative stress key contributing mechanism for BBB dysfunction.                                         \[[@B67-ijms-21-03862]\]
  (hCMEC/D3\                                            Pb                                                                                                                                                                                                                                                                
  Cell line                                                                                                                                                                                                                                                                                                               

  In-vivo\                                              200 mg/L\                             3 Months                        Blood -- brain dysfunction.Endothelial cells exhibit higher pinocytotic activity and also opening of inter-endothelial tight junctions.                                                     \[[@B75-ijms-21-03862]\]
  male Wistar rats                                      lead acetate\                                                                                                                                                                                                                                                     
                                                        Drinking water                                                                                                                                                                                                                                                    

  In-vitro\                                             10^−5^ M and 10^−6^ M\                2 h, 4 h, 8 h, 16 h, and 24 h   Reduces occludin, claudin 5, ZO1, and ZO2 protein expression.Increases the permeability of the neurotoxicant from BBB.Decreases the protein expressions that maintain the tight junction.   \[[@B76-ijms-21-03862]\]
  RBE4 cell line                                        lead acetate at                                                                                                                                                                                                                                                   

  In-vitro\                                             5 and 10 μM\                          Pre and post exposure           Decreased occludin protein leading to BBB dysfunction.                                                                                                                                      \[[@B77-ijms-21-03862]\]
  epithelial Z310 cells                                 Pb                                                                                                                                                                                                                                                                

  In-vivo\                                              4% lead carbonate\                    5, 10, 15 days                  Vasogenic edema formation through the Flk1--dependent pathway.Microvascular hemorrhage development and BBB permeability to albumin.Encephalopathy by VEGF-independent pathway.              \[[@B78-ijms-21-03862]\]
  Sprague-Dawley dams                                   via feed                                                                                                                                                                                                                                                          

  In-vivo\                                              100, 200, 300 PPM/mL\                 eight weeks                     Disruption of BBB due to lower expression of occludin protein that might be caused by GRP78 expressions leading to Src activation and altering occluding expression.                        \[[@B79-ijms-21-03862]\]
  Male SD rats                                          Drinking water                                                                                                                                                                                                                                                    

  In-vivo\                                              50 mg/kg Pb acetate i.p., injection   24 h                            Increased Aβ levels in the BCP due to abnormal Aβ homeostasis at the CP mediated by LRP1 via PKC-δ pathway.                                                                                 \[[@B80-ijms-21-03862]\]
  Male SD rats                                                                                                                                                                                                                                                                                                            

  Primary culture\                                      1 μM lead                             0--60 min                       Microvessel toxicity by affecting protein kinase C activity that possible underlying mechanism Pb induced immature brain microvessels.                                                      \[[@B81-ijms-21-03862]\]
  brain microvessels isolated from 6-day-old rat pups                                                                                                                                                                                                                                                                     

  In vitro\                                             2.5, 5, 10 μM\                        6, 12, 24, 48 h                 Increased MMP-2 and MMP-9 suggesting BBB dysfunction.Reduced expressions of ZO-1 and occludin.                                                                                              \[[@B82-ijms-21-03862]\]
  C6 glia cells and ECV304                              Pb                                                                                                                                                                                                                                                                

  In- vivo\                                             342 μg Pb/mL as Pb acetate            Once every other day 6 weeks    Pb accumulation causes BBB dysfunction.Decreased expression of occluding.                                                                                                                   \[[@B83-ijms-21-03862]\]
  Male Sprague--Dawley rats                                                                                                                                                                                                                                                                                               
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: hCMEC/D3: Human Cerebral Microvascular Endothelial Cell Line, BBB: Blood brain barrier, Pb: Lead, RBE4: Rat Brain Endothelial 4, Flk1: Fetal Liver Kinase 1, VEGF: Vascular Endothelial Growth Factor, GRP78: Glucose Regulated Protein 78, LRP1: Low-density lipoprotein receptor-related protein-1, PKC-δ: Protein kinase C delta, MMP: Matrix metallopeptidase, ZO: Zona Occludens, BCP: Bilateral Cerebral Plexus, CP: Choroid Plexus.
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###### 

Experimental evidences showing the Cu role in microvascular endothelial and BBB dysfunctions.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  System                                          Concentration                         Exposure Duration   Toxicity                                                                                                                                                                                                                 Ref.
  ----------------------------------------------- ------------------------------------- ------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ---------------------------
  In-vitro\                                       1.5--50 μg/mL\                        0--8 h              Cytotoxic at the higher concentration.Increase TNF-a, IL-1b and IL-2 time-dependently.                                                                                                                                   \[[@B94-ijms-21-03862]\]
  rBMECs\                                         (Cu nanoparticles)                                                                                                                                                                                                                                                                 
  cells                                                                                                                                                                                                                                                                                                                              

  Primary culture\                                30--300 μM\                           12 h                Cu at 30--120 μM increased cell viability due to increased antioxidant activity in the cell such as CAT and SOD.Cu at 180--300 μM showed a cytotoxic effect and oxidative stress.Alter the claudin protein expression.   \[[@B100-ijms-21-03862]\]
  (SPF Wistar neonate rats)\                      (Cucl~2~)                                                                                                                                                                                                                                                                          
  Brain microvascular endothelial cells (BMECS)                                                                                                                                                                                                                                                                                      

  In-vitro\                                       10 to 50 μM\                          12 h                Cu exposure increases inflammatory responses driven by the NF-κB a PI3-kinase/Akt pathway.Higher IL-8 expression.                                                                                                        \[[@B101-ijms-21-03862]\]
  HUVEC, HMEC-L, and HIAEC cells                  (Cucl~2~)                                                                                                                                                                                                                                                                          

  In-vivo\                                        IP 50 mg/kg\                          24 h                Cu nanoparticles-induced BBB disruption.Brain edema formation.                                                                                                                                                           \[[@B102-ijms-21-03862]\]
  Sprague Dawley rats                             IV 30 mg/kg\                                                                                                                                                                                                                                                                       
                                                  Cortical superfusion (20 µg/10 µL)\                                                                                                                                                                                                                                                
                                                  (Cu nanoparticles)                                                                                                                                                                                                                                                                 

  AD patients                                     \-                                    \-                  Cu was found to be deposited in the arteriolar tree in CAA.Vascular fragility observed.                                                                                                                                  \[[@B103-ijms-21-03862]\]

  In-vivo\                                        1 mg/L\                               4 weeks             BBB disruption and, cerebral bleedings.Cognitive dysfunctions and anxiety observed in mice.                                                                                                                              \[[@B104-ijms-21-03862]\]
  C57BL6 mice                                     (Cucl~2~ + cholesterol\                                                                                                                                                                                                                                                            
                                                  As a risk factor) Drinking water                                                                                                                                                                                                                                                   

  In-vivo\                                        250 ppm\                              3 or 9 months       Cu exposure displayed AD pathology through amyloid and tau mediated pathway.                                                                                                                                             \[[@B105-ijms-21-03862]\]
  3xTg-AD                                         Cu sulfate (CuSO~4~)\                                                                                                                                                                                                                                                              
                                                  Drinking water                                                                                                                                                                                                                                                                     

  In-vivo\                                        10 µg/mL\                             1 h                 Acute Cu exposure decrease the vascular functions.Oxidative stress generation through the iNOS pathway.                                                                                                                  \[[@B106-ijms-21-03862]\]
  Male Wistar rats                                (Cucl~2~)                                                                                                                                                                                                                                                                          

  In- vitro\                                      0--500 μg/mL\                         12 h                Cu increases ROS generation and autophagy by an AMPK pathway.Cu~2~O crystals elicit endothelial cell death through autophagy.                                                                                            \[[@B107-ijms-21-03862]\]
  Bovine aortic endothelial cells (BAECs)         Cu~2~O                                                                                                                                                                                                                                                                             

  In- vitro\                                      100 μM\                               0--16 h             Cu increased VCAM-1, ICAM-1, and MCP-1 expression.Activate NF-κB and AP-1 signaling.                                                                                                                                     \[[@B108-ijms-21-03862]\]
  human aortic endothelial cells (HAECs)          Cupric sulfate                                                                                                                                                                                                                                                                     
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: BMECs: Brain microvascular endothelial cells, Cu: Copper, TNF: Tumor necrosis factor, IL: Interleukin, SPF: Specific-pathogen-free, Cucl~2~: Copper(II) chloride, CAT: Catalase, SOD: Super oxide dismutase, HUVEC: Human umbilical vein endothelial cell, HMEC: Human man mammary epithelial cells, HIAEC: Human lilac endothelial cells, NF-κB: Nuclear factor kappa B, PI3:Phosphoinositide 3-kinase, Akt: Protein kinase B, AD: Alzheimer's disease, iNOS: Inducible nitric oxide synthase, CAA: Cerebral amyloid angiopathy, VCAM: Vascular cell adhesion protein, ICAM: Intercellular Adhesion Molecule, MCP: Monocyte chemo attractant protein, AP: Activator protein, ROS: Reactive Oxygen Species, AMPK: 5' Adenosine monophosphate-activated protein kinase.
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###### 

Experimental evidences showing the role of Hg in the microvascular endothelial and BBB dysfunctions.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  System                                        Concentration                                                                    Exposure Duration                             Toxicity                                                                                                           Ref.
  --------------------------------------------- -------------------------------------------------------------------------------- --------------------------------------------- ------------------------------------------------------------------------------------------------------------------ ---------------------------
  In-vivo\                                      HgCl~2~\                                                                         30 days                                       Elevates ROS generation that causes vascular reactivity and decreases the NO bioavailability.                      \[[@B115-ijms-21-03862]\]
  normotensive Wistar rats                      (first dose 4.6 μg/kg, subsequent dose 0.07 μg/kg/day, im to cover daily loss)                                                                                                                                                                    

  In-vitro\                                     (1.0--5.0 microM)\                                                               24 h                                          Dose-dependent cytotoxic effect on the HUVECs cell.Disruption of endothelial functions.                            \[[@B125-ijms-21-03862]\]
  HUVECs                                        MeHg                                                                                                                                                                                                                                              

  In-vitro\                                     (1, 2, 3 µM MeHg)\                                                               24 h                                          Increased LDH leakage from the cells.Reduced proliferation of endothelial cells.                                   \[[@B117-ijms-21-03862]\]
  Human brain micro-vascular cells              (2 µM HgCl~2~)                                                                                                                                                                                                                                    

  In-vivo\                                      20-ppm\                                                                          4 weeks                                       BBB damage through the upregulation of VEGF expression.                                                            \[[@B126-ijms-21-03862]\]
  male Wistar rats                              MeHg Drinking water                                                                                                                                                                                                                               

  In-vivo\                                      1.0 mg/kg\                                                                       30 min, 1 h, 6 h, 12 h, 24 h,\                Endothelial and glial impairment.BBB dysfunction.                                                                  \[[@B127-ijms-21-03862]\]
  Sprague-Dawley rats                           Mercuric bichloride\                                                             and 1 week after the mercury administration                                                                                                                      
                                                Subcutaneous                                                                                                                                                                                                                                      

  In-vitro\                                     (1, 2, 3, and 5 µM)\                                                             24 h                                          Increased release of PGI2 and Cox-2 from the endothelial cells and pericytes.Modulate the p38 and MAPK pathways.   \[[@B128-ijms-21-03862]\]
  Human brain microvascular endothelial cells   MeHg                                                                                                                                                                                                                                              

  In- vitro\                                    1 μM\                                                                            1, 3 or 6 h, 24 h                             Disrupt mitochondrial membrane potential.Activated NADPH-oxidase pathway and caused endothelial dysfunction.       \[[@B129-ijms-21-03862]\]
  Bovine aortic endothelial cells (BAECs)       MeHg                                                                                                                                                                                                                                              

  In-vitro\                                     1, 2, 3 µM\                                                                      24 h                                          Decreased expression of FGF-2 protein.                                                                             \[[@B119-ijms-21-03862]\]
  Human brain microvascular endothelial cells   MeHg                                                                                                                                                                                                                                              

  In-vitro\                                     0, 10, 100, 1000 nM\                                                             48 h                                          Increased APP synthesis and amyloid beta accumulation.                                                             \[[@B130-ijms-21-03862]\]
  PC12 cells                                    HgCl~2~                                                                                                                                                                                                                                           
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: HgCl~2~- Mercury (II) chloride, ROS: Reactive oxygen species, NO: Nitric oxide, HUVECs: Human umbilical vein endothelial cells, MeHg: methylmercury, LDH: Lactate dehydrogenase, BBB: Blood--brain barrier, VEGF: Vascular endothelial growth factor, PGI2: Prostacyclin or prostaglandin I2, Cox-2: Cyclooxygenase-2, MAPK: Mitogen-activated protein kinase, BAECs: Bovine aortic endothelial cells, NADPH: Nicotinamide adenine dinucleotide phosphate hydrogen, FGF-2: Fibroblast growth factor, APP: Amyloid precursor protein.
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###### 

Experimental evidences showing the As role in microvascular endothelial and BBB dysfunctions.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  System                    Concentration                              Exposure Duration                                Toxicity                                                                                                                                                                             Ref.
  ------------------------- ------------------------------------------ ------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ---------------------------
  Invitro\                  5 µM\                                      24 h                                             Impaired NO production.Endothelial Activation and Apoptosis, Oxidative stress.                                                                                                       \[[@B164-ijms-21-03862]\]
  HUVECs                    arsenic trioxide                                                                                                                                                                                                                                                                 

  In vitro\                 7.5 µM\                                    4--6 h                                           Cytotoxicity and oxidative stress.Increase NF-κB, and decreased HO-1 and VEGF expression.                                                                                            \[[@B165-ijms-21-03862]\]
  SVEC4-10                  arsenic trioxide                                                                                                                                                                                                                                                                 

  In vitro\                 5 and 7.5 µM\                              4--6 h                                           ER pathway mediated endothelial cytotoxicity.Upregulation of Apoptosis cascade.                                                                                                      \[[@B166-ijms-21-03862]\]
  SVEC4-10                  arsenic trioxide                                                                                                                                                                                                                                                                 

  In vitro\                 1, 10, 100, and 1000\                      5--72 h                                          Endothelial gap junctions are downregulated.Decreases eNOS protein and NO availability.                                                                                              \[[@B167-ijms-21-03862]\]
  HAEC                      ng/mL Arsenic trioxide                                                                                                                                                                                                                                                           

  In vitro\                 1--5 µM\                                   24 h                                             Endothelial activation.Increases VEGF expression.                                                                                                                                    \[[@B168-ijms-21-03862]\]
  HUVECs                    Sodium arsenite                                                                                                                                                                                                                                                                  

  Invivo\                   0.15 mg 1.5 mg 15 mg arsenic trioxide/L\   whole lactation\                                 The decrease in the mRNA expression levels of TJ proteins (Occludin, Claudin, ZO-1 and ZO-2) and Occludin protein.Induces autophagy by inhibiting PI3K/Akt/mTOR signaling pathway.   \[[@B169-ijms-21-03862]\]
  Kunming mice              Drinking water                             period\                                                                                                                                                                                                                               
                                                                       (postnatal day 42)                                                                                                                                                                                                                    

  Invivo\                   100 ppm\                                   60 days                                          Induces Oxidative stress, and memory impairment.Induces endothelial dysfunction and dementia.                                                                                        \[[@B170-ijms-21-03862]\]
  Wistar rats               Sodiumarsenite\                                                                                                                                                                                                                                                                  
                            Drinking water                                                                                                                                                                                                                                                                   

  Invivo\                   4--5 mg/kg/\                               Gestation, lactation and until 4 months of age   Lower response to NMDA receptor stimulation.Reduction of NOS activity and decreased levels of nitrites.                                                                              \[[@B154-ijms-21-03862]\]
  Wistar rats               day arsenite\                                                                                                                                                                                                                                                                    
                            Drinking water                                                                                                                                                                                                                                                                   

  54 arsenicosis patients   \-                                         \-                                               Impairment of the NO/cGMP pathway in both males and females.                                                                                                                         \[[@B171-ijms-21-03862]\]
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: HUVECs: Human umbilical vein endothelial cells, NO: Nitric oxide, NF-κB: Nuclear factor kappa- B, HO-1: Heme oxygenase-1, VEGF: Vascular endothelial growth factor, ER: Endoplasmic reticulum, HAEC: Human aortic endothelial cells, eNOS: Endothelial NOS, mRNA: Messenger ribonucleic acid, TJ proteins: Tight junction proteins, ZO-1: Zonula occludens-1, ZO-2: Zonula occludens-2, PI-3K: Phosphatidylinositol 3-kinase, Akt: protein kinase B, mTOR: Mammalian target of rapamycin, NMDA: N-methyl-D-aspartate receptor, NOS: Nitric-oxide Synthase, cGMP: Cyclic guanosine monophosphate.
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###### 

Experimental evidences showing role of Cd role on brain oxidative stress, apoptosis and endothelial dysfunctions.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  System              Concentration         ExposureDuration    Toxicity                                                                                                                                        Ref.
  ------------------- --------------------- ------------------- ----------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------
  Zebrafish           1 mg/L                24 h and 96 h       Altered redox balance in the brain at both gene and protein levels.Increased inflammatory cytokines.                                            \[[@B175-ijms-21-03862]\]

  Zebrafish embryos   9 µM\                 24 h\               Change in the morphology of glial and neuronal cells.Change in the brain mitochondrial morphology.                                              \[[@B176-ijms-21-03862]\]\
                      1.0 mg/L              7 days                                                                                                                                                              \[[@B177-ijms-21-03862]\]

  Mice                3 mg/L\               20 weeks            Brain function impairment.Olfactory function and memory impairments.                                                                            \[[@B192-ijms-21-03862]\]
                      Drinking water                                                                                                                                                                            

  Rats                3 mg/kg\              28 days             Oxidative imbalance and DNA damage in the brain.Upregulate dShh signaling pathway.Loss of cerebellum structural integrity and motor function.   \[[@B193-ijms-21-03862]\]
                      Orally                                                                                                                                                                                    

  Rats                5 mg/kg bodyweight\   21 days             Increased brain cholinesterase, MAO, Na(+)/K(+)-ATPase activities.                                                                              \[[@B179-ijms-21-03862]\]
                      Orally                                                                                                                                                                                    

  Rabbits             CdCl~2~\              30 days             Downregulation of Metallothionein along with antioxidant genes.                                                                                 \[[@B183-ijms-21-03862]\]
                      3 mg/kg × bw\                                                                                                                                                                             
                      Orally                                                                                                                                                                                    

  Rats                32.5 ppm\             2, 3- and 4-month   Decreased density of dendritic spines.Increased caspase-3 and 9 immunoreactivity.                                                               \[[@B184-ijms-21-03862]\]
                      Drinking water                                                                                                                                                                            

  Juvenile mice       3.74 mg/kg\           10 days             Hypotrophy and alteration in microstructure and ultrastructure alterations.                                                                     \[[@B185-ijms-21-03862]\]
                      Orally                                                                                                                                                                                    

  Rats                4 mg/kg bw\           Single-dose         A decrease in endothelial barrier antigen expression.Astrocytic deformation.Blurred white and gray matter cytoplasm.                            \[[@B189-ijms-21-03862]\]
                      i.p. Route                                                                                                                                                                                
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: NO: Nitric oxide, DNA: Deoxyribonucleic acid, MAO: Monoamine oxidase, Na⁺/K⁺-ATPase: Sodium--potassium adenosine triphosphatase, CdCl2: Cadmium chloride, ppm: parts per million, shh: sonic hedgehog.
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###### 

Heavy Metal Chelators.

  Compound Name                                        Abbreviation   Molecular Formula           Structure
  ---------------------------------------------------- -------------- --------------------------- -----------------------------
  Calcium Disodium Ethylenediamine Tetra acetic Acid   CaNa~2~EDTA    C~10~H~12~CaN~2~Na~2~O~8~   ![](ijms-21-03862-i001.jpg)
  British Anti-Lewisite or 2,3- Dimercaprol            BAL            C~3~H~8~OS~2~               ![](ijms-21-03862-i002.jpg)
  Tetrathiomolybdate                                   TM             MoS~4~^2-^                  ![](ijms-21-03862-i003.jpg)
  D-Pencillamine                                       DPA            C~5~H~11~NO~2~S             ![](ijms-21-03862-i004.jpg)
  meso-2,3-dimercaptosuccinic acid                     DMSA           C~4~H~6~O~4~S~2~            ![](ijms-21-03862-i005.jpg)
  Sodium 2,3 Dimercaptopropane-l-Sulphonate            DMPS           C~3~H~7~NaO~3~S~3~          ![](ijms-21-03862-i006.jpg)
  Monoisoamyldimercaptosuccinic acid                   MiADMSA        C~9~H~16~O~4~S~2~           ![](ijms-21-03862-i007.jpg)
